The effects of a coating of silica particles on the localized corrosion behavior of AISI 304 stainless steel (304SS) during drying of thin electrolyte layers in controlled relative humidity environments were investigated by measurements of the transients of open-circuit potential (OCP) and galvanic current. The silica coatings were composed of spherical silica particles and were deposited on 304SS by cathodic electrophoretic deposition. It was confirmed that the silica layer worked very well as a host layer to soak up electrolyte solutions and that it remained intact under wet and dry conditions. OCP and galvanic current transients indicated that the silica layer affected propagation more than initiation of pitting corrosion. The propagation of pitting corrosion for silica-coated samples was slower than for uncoated 304SS.
1
Deliquescence of salts in this particulate layer upon exposure to the high-humidity environment can result in the formation of a thin electrolyte layer, and the particulate layer might act as a crevice former to cause crevice corrosion. Therefore, it is of interest to investigate localized corrosion behavior of CRAs under thin layers of electrolyte-containing particulate.
We have employed electrophoretic deposition (EPD) to create a silica coating on stainless steel, which can simulate rock dust. 2 It is well known that EPD is a very useful technique to deposit layers of ceramic particles on metal surfaces with thickness on the order of micrometers to millimeters. [3] [4] [5] Furthermore, because the thickness of the ceramic layers can be controlled easily by changing applied voltage or deposition time, EPD can be utilized to create simulated particulate layers on CRAs in a reproducible and controllable fashion. In a previous study, 2 the formation of silica layers on 304SS by cathodic EPD was described and the effects of the silica layer on localized corrosion behavior in a stagnant bulk solution were investigated. It was concluded that the EPD silica layers did not affect the anodic reactions; passive current densities and breakdown potentials were not dependent on the presence or thickness of the silica coating. The silica coatings did affect the cathodic process; the limiting current density due to the oxygen reduction reaction (ORR) decreased with increasing silica layer thickness. However, the electrochemical behavior of the silica-coated 304SS was only studied in bulk solutions and not in an atmospheric corrosion environment.
The purpose of this study is to investigate localized corrosion behavior of silica-coated 304SS under atmospheric corrosion conditions and to clarify the effect of the silica layer on initiation and propagation of pitting corrosion. In this study, we measured OCP and galvanic current transients for silica-coated 304SS during drying of some salt solutions under controlled relative humidity (RH) conditions. Figure 1a shows the electrochemical setup for the atmospheric corrosion experiments employed in this study. A plastic container with a lid was used as a chamber in which the RH was controlled using saturated LiCl or MgCl 2 solutions at the bottom of the chamber. As seen in Fig. 1a , sample holders were used to fix the samples horizontally. Furthermore, humidity and temperature sensors were placed in the chamber to monitor RH and temperature (T).
Experimental
The atmospheric corrosion behavior of silica-coated samples was investigated by monitoring open-circuit potential (OCP) and galvanic current (i g ) transients during drying of a thin electrolyte layer. Figure 1b shows a schematic drawing of a sample for OCP measurements. An AISI 304 stainless steel electrode (304SS, ca. 1 × 1 cm) was embedded in epoxy resin. A hole approximately 3 mm in diameter was drilled in the epoxy resin near the plate. Before OCP measurements, agar gel containing KCl was filled in the hole to achieve an ionic contact between the plate and the reference electrode, according to the procedure described by Vera Cruz et al. Figure 1c shows a schematic drawing of a sample for galvanic current (i g ) measurements. Two identical 304SS electrodes (ca. 1 cm × 0.2 mm) were embedded in parallel in epoxy resin separated by a 0.23 mm thick polystyrene sheet. Both the samples for OCP and i g measurements were polished with abrasive papers to 1200 grit and cleaned ultrasonically with ethyl alcohol (EtOH). Then, cathodic EPD of silica was conducted on the surface of 304SS. The procedure to create the silica layers on 304SS was described in detail in a previous paper. 2 After depositing the silica coating, the samples were stored in a desiccator until just before the atmospheric corrosion experiments. The test electrolyte solutions applied on the samples were either 0.5 M NaCl or x M MgCl 2 (x = 0.05-3). For the OCP and i g measurements, a silica-coated sample was set horizontally on one of the holders in the chamber and then a certain amount of NaCl or MgCl 2 electrolyte was applied to the surface using a pipetter. The plastic pipetter tip was used to spread the electrolyte over the entire sample surface, including the epoxy resin, being careful not to touch the sample surface with the tip. For all the atmospheric corrosion experiments in this study, the initial thickness of the thin electrolyte layer was 500 μm, assuming a layer of uniform thickness. OCP transients were measured during drying of the thin electrolyte layer using an electrometer in a potentiostat (model 263A, PAR) and a commercial reference electrode, as shown in Fig. 1a . The reference electrode connected with a Luggin capillary was an Ag/AgCl electrode in a 4 M KCl solution [SSE, E SSE = 0.197 V vs standard hydrogen electrode (SHE)]. In this paper, all potential values are referred to this reference electrode. For i g measurements, a sample like the one shown in Fig. 1c was placed in the chamber and the galvanic current flowing between the pair of stainless steel electrodes was measured during drying of the thin electrolyte layer by using the potentiostat as a zero-resistance ammeter (ZRA). 7 After the experiments the samples were analyzed for any evidence of crevice corrosion. If crevice corrosion was observed, the results were discarded.
Results
Silica layer deposited by EPD. -Because the silica layer deposited on 304SS is intended to be used as a simulated particulate layer that is a host for electrolytes under atmospheric corrosion conditions, permeability of electrolytes into the silica layer is a critical issue. The permeability of electrolytes in a particulate silica layer depends on the hydrophilicity of the silica and the packing structure of the silica layer. A silica coating was deposited on a partially immersed sample for 5 s to investigate the packing structure of the silica layer. As shown in Fig.  2a , the silica layer formed on 304SS was quite smooth and homogeneous. The high magnification micrograph in Fig. 2b reveals that the silica layer was composed of a vast number of spherical silica particles about 350 nm in diameter packed densely. Figure 2c shows the top edge of the silica coating where the sample intersected the water line of the EPD suspension. The coating is thinner in this region but the packing structure appears to be the same as the thick region shown in Fig. 2a . The previous paper showed a linear relationship between silica layer thickness and deposition time. 2 A new batch of silica particles was used in this study and Fig. 3 shows that a linear relationship was also observed with the second batch of particles. A leastsquares fit results in the following relationship d = 0.57t [1] where d and t are the silica layer thickness (μm) and deposition time (s), respectively. The maximum silica layer thickness obtained in this study was about 60 μm. Thicker layers peeled off the substrate after deposition due to shrinkage during evaporation of the EtOH in the EPD suspension. Because the silica layer thickness was proportional to the deposition time at a constant applied voltage, it is reasonable that the packing structure was independent of the thickness of the silica layer, as shown in Fig. 2a and c. As shown in Fig. 2b , there is space around the spherical silica particles through which an electrolyte can permeate. When a drop of water was put at the edge of a silica layer, the drop was absorbed rapidly in the silica layer, and almost the whole surface of the silica layer became wet after a while because of capillary action. Contact-angle measurements were not made, but the silica layer appeared to be totally wetted with a contact angle of almost 0°. The silica layers deposited by EPD in this study were hydrophilic and the interstitial spaces between the silica particles facilitated absorption of liquid water. Furthermore, the silica layers remained intact when wetted and then dried with air. These results suggest that the silica layers deposited by cathodic EPD can act as a humectant and that the layer can be used as a suitable host layer for a thin electrolyte layer under atmospheric wet/dry conditions. Figure 4 shows OCP transients for silica-coated and uncoated samples. For these experiments, the RH in the chamber was controlled by a large reservoir of saturated MgCl 2 solution at the bottom of the chamber and the RH was measured to be in the range of 37-40%. A layer of 0.5 M NaCl with initial thickness of 500 μm was placed on the sample prior to sealing the chamber. The RH in equilibrium with 0.5 M NaCl is above 95%, so the thin NaCl layer released moisture into the air in an attempt to equilibrate with the lower RH set by the saturated MgCl 2 solution. The NaCl concentration in the layer increased with time during drying. The estimated thicknesses of the silica layers on the samples were about 6 μm (10 s), 17 μm (30 s), and 34 μm (60 s), which are all much less than the initial electrolyte layer thickness. The OCP transients in Fig. 4 can be divided into four regions. A transient period was observed during the first 30-45 min of immersion. Then, the OCP was almost stable for several hours and the OCP values of all samples were almost constant during the period and close to -0.1 V. After 5-6 h, the OCP tended to shift gradually in the noble direction with time. Finally, after 6-7 h, the transients all exhibited large fluctuations. The critical humidity in equilibrium with saturated NaCl is about 75%, 8 so the NaCl solution eventually dried up completely in the chamber with lower RH. The resistance between the end of the agar-filled hole and the sample increased sharply when the electrolyte layer dried completely, and the measured OCP became very noisy, as is seen in Fig. 4 , after 6-7 h. It might be expected that it should take longer for evaporation of an electrolyte layer on a sample with thicker silica layer, because the silica layer can retain the electrolyte by capillary action. Figure 4 shows no correlation between drying time and silica layer thickness, perhaps because the silica layer thickness was much smaller than the initial thickness of the electrolyte and most of the drying time was associated with evaporation of the electrolyte on top of the silica layer. The difference in drying times might reflect more strongly the variation in initial electrolyte layer thickness, and the expected reduction in drying rate associated with the capillary action in the silica layers seems to be small in comparison.
OCP transients during drying of NaCl solution. -
There was no evidence for the initiation of localized corrosion in the form of a sharp decrease in OCP for any of the samples, and observation of the uncoated 304SS sample revealed no indication of localized attack. The solubility of NaCl in water at 20°C is about 5.4 M, which is less than the critical concentration of Cl-for the initiation of pitting corrosion on 304SS. 6 Note that this conclusion is only valid for exposure times on the order of hours; it could be possible for pitting to initiate at OCP during long exposures to lower chloride content environments. OCP transients during drying of MgCl 2 solution. -To investigate localized corrosion behavior of 304SS under a thin layer of electrolyte, a solution with concentration higher than that of saturated NaCl is needed. Therefore, OCP transients were measured during drying of a layer of initial concentration 0.5 M MgCl 2 , which has a saturation concentration of 9.92 M Cl-. 9 If the critical concentration for pit initiation of 304SS at room temperature is below this value, it is expected that pitting corrosion will initiate when the concentration of the MgCl 2 layer reaches the critical value in the course of the drying process. Figure 5a shows OCP transients for silica-coated and uncoated samples during drying of an electrolyte layer initially 500 μm thick and of concentration 0.5 M MgCl 2 in an environment with RH set by a saturated MgCl 2 solution. The estimated thicknesses of silica layers on the samples were about 6 μm (10 s), 17 μm (30 s), 34 μm (60 s), and 43 μm (75 s). In this experiment, the electrolyte layer put on the sample gets thinner during drying but stops decreasing in thickness when the concentration of the electrolyte layer reaches saturation. As shown in Fig. 5a , there was an initial transient period followed by a period of constant potential around -0.1 V and then a gradual increase in potential. However, at about 7-9 h, prior to the onset of fluctuations attributed to drying of the MgCl 2 layer, all samples exhibited a sharp drop in OCP. This activation of the electrode is associated with the initiation of pitting corrosion, as has been shown by Tsutsumi et al. 9 As described below, evidence of localized corrosion was observed during examination of the samples after the experiment. Following the initial sharp drop in OCP, the potential gradually dropped by hundreds of mV to the end of the 12 h period of observation. The potential observed following the sharp drop is representative of the growth stage of pitting corrosion during drying of the MgCl 2 layer.
Prior to the onset of pitting, the behaviors of the silica-coated and uncoated samples were similar to that in the NaCl solution. There was also no correlation between silica-layer thickness and time to initiation, again probably a result of a variation in initial layer thickness changing the time to achieve the critical chloride concentration. However, after pitting corrosion initiated, the OCP decay transients for the silica-coated samples were much slower than for the uncoated sample. For the uncoated sample, the OCP dropped abruptly by about 250 mV and then remained relatively constant. In contrast, the OCP of the silica-coated sample decreased by a smaller amount when pitting initiated and then decayed gradually over a period of hours to more active values. These results suggest that the silica layer might not influence pit initiation but might retard pit growth.
Similar experiments were performed to measure OCP transients for silica-coated and uncoated samples during drying of an electrolyte layer initially 500 μm thick and of concentration 0.5 M MgCl 2 in an environment with RH set by a saturated LiCl solution. The critical RH in equilibrium with saturated LiCl is lower yet, 11% at 20 °C. The estimated thicknesses of the silica layers on the samples were about 6 μm (10 s), 17 μm (30 s), 27 μm (45 s), and 34 μm (60 s). In this experiment, the samples should dry up completely, as was observed above for the NaCl solution in the 40% RH environment; because the critical RH of LiCl (11% RH) is much lower than that of MgCl 2 . However, the MgCl 2 concentration should reach a critical value for pit initiation before drying. The results are shown in Fig. 5b . Like the OCP transients shown in Fig. 4 and 5a, the OCP transients before the onset of pitting corrosion are quite similar to one another and similar in form to the other conditions. However, the time for pit initiation was shorter than in the higher RH environment created by saturated MgCl 2 solution, because the lower RH environment increased the rate of drying. An increase in drying rate with decreasing ambient RH is expected if the rate of drying is controlled by transport of water vapor across a boundary layer from the higher RH next to the sample to the lower bulk RH. As observed in the higher humidity environment, the potential drop was largest for the uncoated sample and the silica-coated samples exhibited a potential decay after pit initiation. Fluctuations associated with complete drying of the electrolyte occurred during the pitting propagation stage.
The effect of initial electrolyte concentration on OCP behavior was investigated with silica-coated and uncoated samples in an environment with RH set by saturated MgCl 2 solution. The silica coating was formed during a 30 s deposition, and the thickness is estimated to be about 17 μm from Eq. 1. The initial electrolyte concentration was in the range of 0.05-3 M and the initial thickness of the electrolyte layer on the samples was the same as the other experiments, about 500 μm. The OCP transients for the uncoated and silica-coated samples are shown in Fig.  6 . The OCP transients have a similar form to those shown earlier. The transients for the uncoated samples (Fig. 6a) show a plateau, then a sharp drop followed by a constant value, and the coated samples (Fig. 6b) exhibit a smaller drop and slower potential decay. For a low initial electrolyte concentration, the time to achieve the critical concentration for pitting initiation should be longer and the thickness of the electrolyte layer when pitting corrosion is initiated should be less. However, for both the uncoated and coated samples, no clear relationship between time for initiation of pitting corrosion and initial electrolyte concentration was observed, except for the case of 3 M initial concentration. This result could be related to the higher evaporation rate for electrolytes of lower concentration due to differences in their equilibrium vapor pressures. For both the uncoated and coated samples with 3 M initial concentration, pitting corrosion initiated relatively rapidly. For the silica-coated sample with 3 M electrolyte, some spikes due to metastable pitting occurred before the abrupt decrease associated with stable pitting after about 1 h. Pitting corrosion initiated almost immediately after the 3 M solution was put on the uncoated sample. Therefore, it appears that the silica coating inhibited pitting corrosion to a certain extent in the 3 M MgCl 2 solution. Galvanic current transients during drying of MgCl 2 solution. -Initiation and propagation of pitting corrosion under atmospheric corrosion environments were investigated by measuring galvanic current (i g ) between combinations of silica-coated and uncoated samples during drying of MgCl 2 . The time described in the following figures denotes the deposition time for the silica layers on the surface of 304SS. For example, 10 s -30 s denotes that one of the electrodes in Fig.  1c (left side) was coated with a silica layer deposited for 10 s and the other one (right side) for 30s. Figure 7a shows i g transients during drying of an electrolyte layer initially 500 μm thick and of concentration 0.5 M MgCl 2 in an environment with RH controlled by saturated LiCl solution, so the electrolyte put on the sample dried out completely during the experiments. The estimated thicknesses of silica layers on the samples were about 6 μm (10 s) and 17 μm (30 s). All transients in this figure exhibited almost constant ig initially, followed by a gradual change in the negative direction. Because a similar change of i g was also observed on the uncoated sample, this trend was not caused by the silica layer but by the electrochemical reactions taking place during the drying process. After about 5 h, i g changed abruptly in the negative direction for all samples, indicating that pitting corrosion occurred and that the pitting was on the uncoated side of the 0 s-10 s pair. The time for initiation of pitting corrosion was in the range of 4.7-5 h, which is in good agreement with the results seen in the OCP transients in Fig. 5b , and no clear effect of silica-layer thickness on this time was observed, as was the case for the OCP measurements. The i g transient for the 0 s-0 s sample abruptly increased in the negative direction, reached a peak value, and then rapidly decayed to almost zero current. This sudden decrease in current might be related to complete drying of the layer, which was observed in the same time period in the OCP experiments. In contrast, the i g transient for the silica-coated samples exhibited a slow decay after the peak value and took longer to reach zero. This might indicate that drying of the coated samples took longer under the conditions of this experiment. shows i g transients during drying of an electrolyte layer initially 500 μm thick and of concentration 0.5 M MgCl 2 in an environment with RH controlled by saturated MgCl 2 solution, so that complete drying should not occur and the layer should approach the MgCl 2 saturation concentration. In this experiment, both electrodes were coated with a silica layer of the same thickness. The estimated thicknesses of silica layers on the samples were about 6 μm (10 s), 17 μm (30 s), and 34 μm (60 s). As shown in Fig. 7b , pitting corrosion took place on all the samples tested 6.5-10 h after immersion in 0.5 M MgCl 2 . The time for initiation of pitting corrosion in this environment was consistent with the results of the OCP transients in Fig. 5a . The polarity of the transients was adjusted so that the transient was in the positive direction; because the samples were symmetric, assignment is arbitrary. Every sample exhibited a very sharp spike in current, followed by a drop and then a slower increase to a peak current value. The sharp spikes appear to be related to the pit initiation event. The current decreased over long periods following the second peak, and the rate of decrease was much slower for the uncoated 0 s-0 s sample.
Discussion
As described above, the silica layer prepared in this study absorbed electrolytes very well. This is attributed to the hydrophilic characteristics of silica and permeation of electrolytes through the spacing around the silica particles in the silica layer. In addition, the silica layer did not delaminate from the substrate during atmospheric corrosion experiments. Therefore, it can be concluded that the silica layer deposited by EPD could be an appropriate model to represent thin particulate layers that might form in dusty environments. The OCP transients for 304SS during drying of 0.5 M NaCl or MgCl 2 can be divided into three regions. If pitting corrosion occurred, a fourth region can be added in the OCP transient, as shown in Fig. 5 and 6 . Therefore, the OCP transients for silica-coated and uncoated samples can be described as shown in Fig. 8 . In region I, the OCP changed toward a stable value as the airformed oxide film was altered after immersion in the electrolyte. In region II, the OCP was almost constant, although the thickness of the electrolyte decreased and the concentration increased. In region III, the OCP gradually changed in the noble direction, and pitting corrosion occurred in region IV. The times when regions III and IV started are defined in Fig. 8 as t a and t b , respectively. Table I shows the values of t a and t b obtained from OCP transients for uncoated and silica-coated samples during drying of MgCl 2 under saturated MgCl 2 and LiCl environments in Fig. 5 . Because the t a and t b under both drying environments did not depend strongly on the silica layer thickness or deposition time, it is reasonable to consider the average values of t a and t b , as shown in Table I , to estimate the thickness of the electrolyte layer when regions III and IV started. Tsutsumi et al. investigated the OCP behavior of 304SS during drying of MgCl 2 and reported that the critical concentration of Cl-for initiation of pitting corrosion on 304SS is around 6 M. 9 Assuming that pitting corrosion initiated on all samples regardless of silica coating when the Cl-concentration reached 6 M and an initial electrolyte layer thickness of 500 μm, the electrolyte layer thickness when region IV started should be 83.3 μm in both drying environments. Assuming further a linear drying rate (which might be a poor assumption given the differences observed in Fig. 6 for different initial concentrations) , the estimated electrolyte layer thickness when region III started was 213 and 205 μm for the MgCl 2 and LiCl environments, respectively. The electrolyte thickness would be somewhat greater than this due to the volume taken up by the silica spheres. However, the layers contain considerable open pore space. Table I . t a and t b obtained from OCP transients for silica-coated and uncoated samples shown in Fig. 6 and 7 . t a and t b denote the times described in Fig. 8 . Fig. 8 and 9 . t a and t b denote the times described in Fig. 8 .
This analysis suggests that the ennoblement of OCP in region III started when the electrolyte layer thickness became thinner than approximately 200 μm. Furthermore, because the electrolyte layer thickness in region II was more than 200 μm, the electrochemical reactions taking place in region II were similar to those in a bulk electrolyte. As discussed in our previous paper, 2 for silica-coated 304SS exposed at OCP to a stagnant air-exposed dilute chloride solution, the ORR is under activation control and the rate-determining step is the anodic reaction, i.e., passive dissolution. The constant OCP in region II suggests that the passive dissolution is at steady state for thick electrolyte layers. The OCP moved toward the noble direction in region III as the electrolyte layer thickness decreased below 200 μm. The situation during drying is quite complex. As the water evaporates from the thin electrolyte layer, the chloride concentration increases, the oxygen concentration decreases, the viscosity and diffusivity decrease, the passive current density increases, and the diffusion length decreases after the layer thickness decreases below the diffusion layer determined by natural convection. These factors affect the cathodic and anodic kinetics and thus the mixed corrosion potential. The increase in OCP in region III indicates that the dominant factor is the decrease in diffusion layer thickness as the other factors would tend to cause an increase in OCP.
The solution layer consists of two parts: the solution in the open space in the silica layer and the solution above the silica layer. The extent of open space depends on the particle packing and defects in the layer. The images in Fig. 2 suggest that the EPD silica particles are closepacked in regions, but that defects in the packing result in additional open space. For a closepacked structure, the open space is 26% of the volume. Ignoring the defects, a 43 μm thick silica layer would have 11 μm of equivalent open space. Therefore, an 83 μm solution layer at the initiation of pitting would actually be 72 μm of solution on top of the saturated porous silica layer.
As shown in Fig. 6 , the OCP behavior after the initiation of pitting corrosion was significantly different for silica-coated and uncoated samples; the OCP decreased much faster for uncoated samples. The OCP values just before initiation of pitting corrosion and the stable potentials during pitting corrosion were obtained from Fig. 5 and are plotted against the silica layer deposition time in Fig. 9 . Open and solid symbols denote the results from OCP transients in saturated MgCl 2 and LiCl environments, respectively. The drying rate should be higher in the saturated LiCl environment because of its lower critical humidity. The OCP values just before pit initiation correspond to the pitting potentials of freely corroding samples during drying of 0.5 M MgCl 2 . As shown in Fig. 9 , the pitting potential seems to be independent of the deposition time and the drying rate. This result suggests that the pitting potential should be associated with the Cl-concentration of the electrolyte when pitting corrosion is initiated. In the course of drying of the electrolyte, the decrease in the thickness of the electrolyte and the increase in concentration of the electrolyte layer occur simultaneously. All pits upon initiation can be considered to be metastable pits that either repassivate or transform to a stable pit. 10 Metastable pit initiation on 304SS has been related to the presence of MnS initiation sites and aggressiveness in the pits. [10] [11] [12] Furthermore, the thickness of the silica layer deposited on 304SS was much thinner than the thickness of the electrolyte estimated from t b , as mentioned above. Therefore, it is reasonable that the pitting potential of uncoated and silica-coated samples was independent of the silica layer thickness. The subsequent growth of pitting corrosion depends strongly on pit-solution chemistry. Because the silica layers deposited in this study were hydrophilic and took up water readily, the bulk solution had access to the 304SS surface through the open space in the layers. However, it seems that these layers created sufficient barriers for mass transport to influence pit growth, as evidenced by the slow decrease in OCP transients for silica-coated samples after initiation of pitting corrosion. Assuming that pitting corrosion is initiated when the Cl-concentration of the electrolyte layer reaches 6 M, the electrolyte thickness when pitting corrosion initiates is less for a lower initial MgCl 2 concentration in the electrolyte layer. Therefore, it should take longer for a lessconcentrated initial electrolyte layer to reach the critical chloride condition for pit initiation. However, this trend is not observed in Table II ; t b seems to be independent of the initial concentration of the electrolyte layers. This is attributed to a dependence of the electrolyte evaporation rate on the electrolyte layer concentration; the evaporation rate is faster for lessconcentrated electrolyte layers. Therefore, in this case, t b is not adequate to investigate the effect of the thickness of electrolyte on pit initiation. The OCP values just before initiation of pitting corrosion and the stable potentials during pitting corrosion were obtained from Fig. 6 and are plotted against the initial MgCl 2 concentration in Fig. 10 . The pitting potential seems to be independent of the initial MgCl 2 concentration for values less than 0.5 M for both coated and uncoated samples. However, for higher initial chloride concentrations, the pitting potential tends to increase with initial chloride concentration for uncoated samples and decrease with initial chloride concentration for coated samples. The stable OCP values after pit initiation for both silica-coated and uncoated samples decreases in the active direction with increasing initial MgCl 2 concentration, except for the case of 3 M electrolyte. Furthermore, the stable OCP values after initiation for the silica-coated samples are a little bit more noble than for the uncoated samples. A possible explanation is that anodic dissolution kinetics in the pits are inhibited for the silicacoated samples compared to uncoated samples and accelerated with increasing concentration of MgCl 2 . Figure 11 shows optical images of the surface of a silica-coated 304SS after measurements of OCP transients in a saturated 0.5 M MgCl 2 environment. In Fig. 11a , pitting corrosion can be observed through the silica layer on the sample. A dark spot exists in the center of the pitting corrosion site, and red rusting can be observed around the dark spot. Figure 11b is a magnification of the dark spot seen through the silica layer. After removal of the silica layer, the pitting corrosion site appears clearly, as shown in Fig. 11c . The site is a large, shallow pit that contains a deep pit. Figure 12 shows pits in silica-coated and uncoated 304SS samples after drying of MgCl 2 layers with different initial concentration. As seen in Fig. 12 , it is unlikely that the silica layer works as a crevice former, because the pit morphology of the silica-coated samples is almost the same as that of the uncoated samples. The pit morphology seen in Fig. 12 is quite similar to the typical morphology of pits seen under atmospheric corrosion environments. 6, 9 However, the pit morphology depends on the initial MgCl 2 concentration; the lower the MgCl 2 concentration, the larger and shallower the pit formed. If the initial concentration of MgCl 2 is low, the electrolyte layer is thin when the Cl-concentration reaches a critical value for initiation of pitting corrosion. In this case, large areas of the surface are activated and the surface is etched. In contrast, the electrolyte layer at the point of pit initiation was thicker for an initial concentration of 3 M, which resulted in smaller, deeper pits in both the uncoated and silica-coated samples. Therefore, it seems that the pit morphology depends more strongly on the electrolyte layer thickness than on the presence of a silica layer. Effect of a silica layer on galvanic current transients. - Figure 7 shows the galvanic current transients with and without silica layers in environments with different humidities. In the low-humidity environment shown in Fig. 7a , the current transients initiated after 4-5 h and then vanished after about 1 h. The sudden drop in current is interpreted as being caused by drying of the electrolyte layer because the time is similar to the time at which drying initiated noise in the OCP measurements in Fig. 5b . However, other explanations are possible. This experiment is a type of electrochemical noise measurement sensing the difference in behavior of two nominally identical electrodes. Only the net current is measured, reflecting the difference in reactions on the two electrodes. When localized corrosion is initiated on one electrode, the other becomes a net cathode and is protected to an extent. However, it is possible for localized corrosion on the second electrode to provide current balancing out the first electrode. Given the similarity in the transients in Fig. 7a and the similarity in time to the drying evidenced in Fig. 5b , this scenario seems less likely, and the cessation in current is attributed to drying. The time for drying is clearly increased by the presence of a silica layer.
The current transients took a different form in the higher humidity environment, as shown in Fig. 7b . In each case, initiation was accompanied by a relatively sharp current peak that reached a maximum within seconds. The current then decreased over a period of tens of seconds and then increased again, reaching a second peak after thousands of seconds. The current then slowly decreased again. This final current decrease was fastest for the thickest silica coating and slowest for the uncoated sample.
The sharp initial peak suggests that the high initial rates of dissolution associated with small pits could not be sustained under OCP conditions, probably because of a lack of sufficient cathodic current. The current decreased by about an order of magnitude and then slowly increased, perhaps as a result of an increase in pit area during growth. The total current after many hours of growth reached a value similar to that in the initial peak, which supports the notion that the current is limited by the cathodic reaction. The nominal current density is about 5 μA/cm 2 , which is similar to ORR limiting current densities measured in concentrated chloride solutions. The final decrease in current might be associated with either an increase in ohmic potential drop or diffusion length associated with the growing pit or an eventual decrease in the available cathodic current.
Conclusions
In this study, the localized corrosion behavior of silica-coated 304SS was investigated in detail during drying of thin chloride-containing electrolyte layers in environments with different fixed relative humidity. The following conclusions can be drawn.
1. Silica layers deposited on 304SS by electrophoretic deposition absorbed electrolytes very well. Such samples can be utilized as a simulated particulate layer to investigate localized corrosion behavior for corrosion resistant alloys under atmospheric corrosion environments.
2. The OCP transients measured for silica-coated 304SS during drying of a thin electrolyte layer were similar to those for uncoated 304SS before initiation of pitting corrosion. However, after pit initiation the OCP decayed slower for coated samples than for uncoated samples. This result indicates that the silica layer did not affect the initiation of pitting corrosion but retarded the propagation of pitting corrosion.
3. Galvanic current transients were measured between coated and uncoated electrodes during drying of a layer of 0.5 M MgCl 2 in an environment with humidity controlled by saturated MgCl 2 environment. The galvanic current was affected by the presence of a silica layer; the final rate of current decrease was slower for silica-coated samples.
4. The pit morphology depended on the electrolyte layer thickness when pitting corrosion initiated and not on the presence of a silica layer.
5. There was no evidence that the silica layer acted as a crevice former. This might be because there is some spacing around silica particles and electrochemical reactions under a silica layer take place homogeneously.
